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ABSIRACT

The ioads on inertial confinement fusion (ICF) reactor vessel

H. Pendergrass

walls resulting from

anticipated operating conditions will be in the form of very intense but short duration

mechanical and thermal pulses. In this paper these PUISes are modeled and the magnitudes of

the associated impulses are estimated. Stresses tnduced in the contaitwnentvessel walls are

determined using engineering stress analysis. Simplifying assumptions required to derive

analytic expressions for loads and stresses are made and th~ results are presented in the

form convenient for parametric studies and determinations of design sensitivities to changes

in different parameters. The results indicate that dominating mechanical design constraints

will be determined most likely by evaporator recoil and ●lastic buckling and that thermally

excited stress waves may determine critical design requirements. The analysis of ICF

reactor vessel loads and stresses sunsnarizedhere also led to identification of technical

topics that require additional theoretical and ●xperimental studies for better ICF reactor

modeltng and more accurate assessme:ltof their economic potential.
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1. Introduction

This paper sunsnarizesthe modeling at loads acting on and of stresses developed in the

structure of ●n inertial confinement fUSiOr.(ICF) reactor vessel carried out as part of the

PLos Alanos Scientific Laboratory ICFreactor system and applications studies. There are “L
three general approaches to stress analysis of explosion and micrc~xplosion containment

vessels:

(1)

(2)

(3)

Application of energy methods inuhich the explosion energy to be contained is equated

to the strain ●nergy that may be storedin the material of the contaimnent v~ssel. This

approach provides quick estimates of the SmOUntS of materials required to contain a

given energy release without the need to consider the technical details of the solution.

Mathematical theory of elasticity in which stresses and strains are determined as

solutions of a boundary value problem for a system of partial differential equations and

associated comparability relations for a perfectly elastic medium. This approach

provides deep insights into the behavior of elastic materials and opportunities to

assess the implications and validity of dif~erent approximations used in the third,

engineering, approach.

Engineering stress analysis in which simplifying assumptions are made about stress and

strain distributions in structural elements based on empirical data and results of

elasticity theory.

In situations where the postulates of perfectly e’lasticand continuous behavior may be

locally violated without causing failure of the Structural element, engineering stress

analysis will approximate phySiCdl reality closer than elasticity theory.

In this paper we apply engineering stress analysis to estimate the loads that an ICF

reactor vessel will have to withstand as a consequence of currently anticipated operating

conditions and to derive expressions for the resulting stresses. The emphasis will be on

approximations leading to explicit results from which parametric dependence and scaling

relations are readily inferred. Results in this form are very useful in mat!rematical

modeling of ICF reactor systems for cost studies and economic evaluations.

2. ICF Reactor Vc.sel Loads

2,1 ICF Reactor Design Requiramants

TICF reactor concepts ~l,2,3 are based on the containment and utilization of

repetitive ●xplosive burn of fusion pellets (containing deuterium and tritium as fuel

constituents) with energy released as 14-MeV neutrons (FU75%), ●n~rgetic fusion pellet

debris composed of light and heavy element ions (-2W), end x radiation (~ 5%). Therefore

the loads experienced by the inner surfaces of the containment vessels will consist of

intense but short duration pulses of x rays and ionized particles that typically penetrate

only af’gw micrometers. In addition, the bulk of the structural materials will experience

heating and atomic displacements damage induced by the highly penetrating neutrons. The

abov~ swanarizod operation of ICF reactorsmd fusion pellet @nergy rtlease forms implies

that the dominant considerations in lCF reactor design are: containment of several pellet

microexplosions per second for extended periods of the, conversion of fusion energy

(including energy from associated @xoergic nuclear reactions) into usable Forms, and

9
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breeding of the fuel constituent trltfumwlth reactions between neutrons and lithium, These

rqulrements can be satisfied by spherical or cylindrical reactor vessels surrounded by

circulating liquid lithium contained between concentric structural shells.

In some designs &l] it ●p?ears advantageous to replace liquid lithium with solid lithium

compounds, possibly ●ncapsulated in pellets in the millimeter to centimeter size range.

2.2 ICF Reb:tOr Vessel Loads

Varlcus physical mechanisms generate loeds acting on ICF reactor vessel walls. The

nature Q? each mechanism is used to estimate magnitudes of these loads.

2.2.1 Evaporation Recoil - The pulse of x rays produced by a fusion fuel pellet

microexplosion is absorbed in a thin layer of wall material, part of which may ev~porate an~

thus generate an impulse at the wall. The magnitude of the recoil impulse per unit area,

Ir, maximized with respect to the mass of material evaporated is given by 69

Y$v
Ir = +- ,

471R,~
(1)

t
7Cwhere Y is the total fuel pellet energy yield,(-kthe fraction of energy tn x rays, RI the

inner radius of the vessel, H the heat of ViWOriZatiOi? of the wall material, and. the
z

effectiveness coefficient, which accounts for the fact that not all vapor moves away from

the wall with maximum attainable velocity, For a particular model of a Riemann wave

expanding into vacuum
‘2=0”15”

2.2.2 Impact of Pellet Debris - The kinetic energy of “thehigh-velocity fuel-pellet

debris delivers to the vessel wall an impulse per unit area, Id, whose magnitude is given

by ~5j/

Id .
-%

Vfhl”

2pR, ‘
(2)

Here M is the fuel pellet mass and f is the fraction of pellet yield appe?ring as debris

kinetic ●nergy. Equation (2) is a conservative estimate, because It is based on the

assumption that all of the ktnetic energy Is converttd into the impulse; in practice, part

of the kfnetic energy w’11 appear as heat and will produce a recoil Impulse whose magnitude

can be ●sttmated from Eq. (1) with an appropriate value for the energy fraction@ The two

recoi1 pulses, however, cannot be combined because they occur at different times.

2,2.3 &last Wave Reflection - When the ambient density in the cavity exc?eds

approximately 1014 atoms/cm3, the pellet microexploslon will generate a spherical blast

wave, The Impulse experienced by the reactor vessel wall during the blast wave reflection

Is ●asily ●stimated as the product of the pressure at the wall

$

6 ehind the reflected Wave,

Eq. (7) ofRef. and the pulse duration, which we approximate with the transit time of a

tound wave through the shock compressed layer of the mnbtent cavity gas. The resulting

‘txp?’@ssi~for th@ imulse f).rUfiftarea. Ib. {s

,

t (“

(3)
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wherefo IS the anbient mass density of the cavity medium and y is the constant ratio of

spectfic heats in that medium. In the derivation of Eq. (3), the Taylor-Sedov similarity

descrtption[6]of the blast wave was used. The validlty of this solution deteriorates .ss

the pellet mass increases and approaches the value of the mass of the ambient cavity medium;

at that point, a modified blast wave theory[77 should be used to obtain accurate results.

Unfortunately, any analysis of the blast phmwnena that is more complex than the

Taylor-sedov description precludes the possibility of o~taining an analytic +mpulse estimate

like Eq. (3).

2.2.4 Thermal Response of the Blanket - Lithiun!blankets, both liquid and solid

compounds in pellet form, are designed to convert neutron kinetic energy into thermal energy

and, therefore, will expand during reactor operation. The mean pressure inc~ease caused by

a confined expansion of liquid llthium blanket is easily calculated to bel~!

(4)

where p is the pressure +ncrease,
F

Is the adiabatic bulk modulus, b is the volume

coefficient of thermal ●xpansion, c~ is the heat capacity of liquid lithium,f~ is

density of liquid llthium, and V is the blanket volume. This estimate is based on

assumption that neutron energy deposition is sufficiently slow or uniform and does

the

the

not

induce dynamic imbalances in the process. Actually, the neutron energy is deposited in tir?e

that is short relative to the hydrodynamic response time and with an ●xponentially

decreasing Intensity. Therefore, it generates pressure waves in the liquid blanket.

Analysis of these waves requires solution of the accoustic equattons for the pressure, P,

and velocity, u, perturbations in the liquid medium between two concentric spherical shells

which, in the plane wave approxlmatlon, are

%k@ 4++%*
The initial and boundary conditions are specified by

(5)

(6)

wlweu=Oatr=Rlandr= R2for~llt, Here a is th@ sound speed in the liquid

medtum, A Is the scale depth of neutron energy deposition (A%70 cm for ltthium), &vndR,

and R2 are tha mean radii of the Interior and exterior shell as sho~n in Fig. 1. The

details of the solution are presented in Ref. 8; here we sumnarize the conclusions relevant

to the present dtscusslon:

(a) The mean pressure rise and the first hat’mOnlCcomponent account for nearly 90% of the

depostted energy and therefore P-ov{da an approximate dascriptlon of the phenomena that

is adequate for the purpose of this paper;



(b) The ratio of the amplitude of the first

nearly linearly with the nondimensional

(R2- .R,} < 4, as shown in Fig. 2. At

5

$armnic to the mean pressure rise increases

blanket thickness (R2 - R1)/A for values of

the typical value of the blanket thickness

(R2 - R1’#~1.6, that ratio eQuals approximately O.50. Therefore, in stress

calculations the mean pressure eStiffhSte given by Eq. (4) should be multiplied by a

factor of approximately 1.50 to account for the transient overpressure.

To model the mechanical coupling between the

solved Eq. (5) simultaneously with the equattons

p~essure pulses:

d%i

+

~ dq+ 2Ei

~+~si ir ~siR~(l-@)~~%~~,
/

liquid blanket and the structural shells we

describing elastic shell response to

(7)

where~i is the radial shell displacement,~$i is the density of shsll material, Ei is

the Young’s n~odulusof elasticity,~is the Poisson’s ratio,< is the shell t$ickness,

and subscript i = 1,2 denotes inner or outer shell

(7) are coupled with the boundary conditions which

d~
~ = u at r = Ri for all t .

Oetails of the solution are described in Ref. 8 ;

as indicated in Fig. 1. Systems (5) and

:pecify the absence OT cavitation,

(8)

here we s~arize th,eresults shown in

rig. 3. Plotted in this figure are pressure profiies in the blanket at different times.

The upper-most curve corresponds to the time when the wave generated by the elastic response

of the inner shell to an outward directed pressure pulse arrives at the outer shell and the

discontinuities in the subsequent profiles indicate the inwrmd-travelling reflected wave,

He nOte that the amplitude of this wave is very small in comparison to the amplitude of the

incident wave. Indeed, calculations for representative values of reactor parameters[8]

shw that the ratio of the impulses carried by the reflected and incident waves is in the

neighborhood of 0.04; such a small value lndicis~s that most of the original impulse is

expended to acceler?.tethe exterior shell. Tt@ circumstance greatly reduces opportunities

for resonance.

Lithium blanket pressure will buckle the interior shell; this mode of failure is

determined by the critical value of the pressure [5~and does not depend on pulse duration

within the framework of current models. Therefore, impulses associated with thermally and

mechanically generated pressure waves in the blanket are not ve~relevant in stress analysis

Of ICF reactor vessels. Interested readers may find explicit expressions for impulse values

inRef. 8 .

2.2.5 Thermal Hall Loadin~- ICF reactor vessel walls ●xperience two types of

themal lsading: uniform steady-s?ete temperature gradient across the wall thickness and

pulsating surface temptiratureIncreases induced by the absorption of x rays and peliet

debris ions. Our Investigation of the latter phenomenon~9] showed that the surface

temperature increase may be dominated by either the heat conduction ot’the heat capacity of

the wall material and should be estimated with dtfferent expressions in these two different
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c4ses. The surface temperature tncrease,~l$, ~s determined by heat conduct$vit.ywhen

$/2~ <0.75 uhere ~ts the depth of pe~etr~tio. of x rays or jcsns,P ~s the thermal

dlffusivity, and~is the pulse duration. In this case,~T$ is given by

4?Do=--+---,
IF~Rifsi%i KZ

(9)

where C$i is the heat capacity of the-shell material.

Uhen$/2~ > 1.75, the surface temperature is determined by heat capacity and is

given by

(lo)

Note that in this expression the denominator is the heat capacity of the spherical shell of
5thickness .

Uheriaccurate results are required between the above two regimes, the exact solution of

the appropriate heat transfer equation should be used[5,9].

2. Stresses in ICFReactor Vessel Walls

The thermoplastic coupling constants for most materials of interest in ICF reactor

design are vely small&lO] and, therefore, in the preliminary analyses, calculations of

stresses and temperature changes can be carried out independently. In our case this is true

even for thermally generated elastic stress waves (as will be shown later) and, therefore,

we neglect thermoplastic coupling. Since the primary effect of this coupling is to damp and

disperse the elastic stress waves, this is a conservative approach.

2.1 Membr@ne Stresses

The use of the thin shell approximation in the stress calculations for the reactor

vessel walls is justified because these walls will be thin relative to the vessel radius

($/Ri < 0.01) to avoid excessive neut~on energy deposition andmateriai cost
increases. Since the wall loadings will be pulsed, the stresses must be determined from the

analysis of dynamic shell response. To obtain conservative estimates that will remain valid

when voids or bubbles develop in the liquid blanket or when the blanket is absent, we omit

the hydrodynamic coupling term in the governing differential equation (7) and thus arrive at

the following formulation:

with

d%+ _wi+ =0,
dt (1 -Y) Ri~$i

the initial conditions specified by

(11)

(12)

where I is the generic s~bol for any of the previously estimated impulses lr, Ia, or
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lb‘ The above formulation is justified because the time during wt?ichthe impulse, I, is

delivered is very small relative to the natural shell vibrati~nperiod [~.

Oenoting the stress by~and the strain by~~ ana using the geometric compatibility

relation~’i =}Vi/Ri, together with the stress-strain relation (1 -#)J-= Ei2”i,the

solution of Eq. (11) results in the following expression for the tensile or compressi;$ wall

stress:

(13)

where a$i is the elastic wave speed given by a~i = ‘i/~si” The maximum value of

the stress,~m, occurs when the fluctuating facto!’is unity and equals

6m = Ii asim+nq+” (14)

Uhen a particular expression for the Impulse I (Eqs. 1, 2, or 3) is substituted into Eq.

(14) and it is postulated that the shell thickness~i is determined by neutron transPort

requirements, then Eq, (14) becomes a relatlon between the reactor vessel size, Ri, and

‘thef’lelpellet yield, Y. This relation is plotted in Fig. 4 for the three impulses

crmsidered and a steel containment vessel with l-cm thick walls. The result provides not

only the required radius, but also indicates which type of load is critical in different

yield regimes.

3.2 Elastic Bucklinq

A potential mode of failure for the interior shell is elastic buckling induced by

the hydrodynamic pressure in the liquid blanket. The critical value of pressure for that

phenomenon is well known[ll] and is given for spheres by

‘=**
and for cylinders by

E $;/2

Pc =9.807 ~- (1 -~2)-3/4 ,
LR,

(15)

(16)

where L is the unsupported cylinder length. Hhen the expression for the blanket pressure

given by Eq. (4) (with the necessary factor to account for the transient overpressure

determined in Ref. 8) is used in the above equations, they also become relations determining

the required vessel radius for a given fuel pellet yield and shell thickness. For a

spherical vessel and for the approximation V = 4fR~ x (blanket thickness), that

relationship does not contain the radius R1 and therefore should be v~~ed as a constraint

on the shell thlcknessrl imposed by the Pellet yield Y.

3.3 Thermal Stresses.—
Thermal stresses arise becaus~ them-l distortions in different parts of the shell

are, in general, incompatible. In the thi~i-shellapproximation and with the hypothesis that
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the temperature Inside the wall varies linearly, a steady-state temperature difference4T

across the wall induces a stress of magnitude[5]

%%%’ (

where ai is the coefficient of linear thennai expansion.

An instantaneous surface temperature increasehl~ induces a local therms

twice that magnitude15],

7)

strzss of

Eiai4Ts
CY*”~. (18)

Substituting into this equation an appropriate ●xpression fordTs from either Eq. (9) or

Eq. (10) would again result in a relation between the vessel radius R, and the pellet

yield y if the allowable value of the stress&m for these conditions were known. HMever,

since th& surfa:e temperature increase given by Eqs. (9) and (10) will persist for only

approximately 10-9 s and will be localized to a depth of less than a few micrometers, it

is not clear that a catastrophic iallure would occur if the surface mater~al yields locally

or even melts for such a short time. Clearly, theoretical and experimental investigations

are needed to determine allowable values of the stress to be used in Eq. (18) for the

loading characteristics indicated above.

3.4 Elastic Stress Uaves

A possible approach to the determination of allowable transient thermal stress is

through the analysis of elastic wave propagation in the vessel wall. A surface layer of

depth ~heated sufficiently rapidly to a high temperature does not have time to expand and

consequently experiences a compressive stress% that is relieved with a stress wave, The

propagation of the stress wave (in plane approximation) is governed by

Wherew is the local particle

~, in Eqs. 7 and 11) related

(19)

displacement (not to be confused with the shell displacement,

to the stress by

(20)

That the stress w~ll be relieved by the elastic wave rather than by heat conducting can

be seen from the following simple est mates.
~

The characteristic time to propagate the

‘seffect ●lastically through a dlstnac~is given by tw- /asi; for steel and ~= 10-4 ~m,

tws32x 10-’0s. The characteristic time for heat conduction is tcC’S2/jc;for the

smem@terial cnd$, tc*2xlo-7s. HeIIceth eeffecto fthetherma lp.lsew,ll

propagilteelastically approximately a tho~sand times faster than by co~duction.

In!;teadof a standard mathematical descript~on of wave Propagation we present the

solution of Eqi (19) graphically lnFlg. 5. Shown schematically In this figure is the

Initial compressive stress~o, induced by the temperature lncrease4Ts ~n the surface of



,
,..-.=...+... . .. . . . . ,.. J... ,.

layer of depth>, the resulting stre~s wave during reflection fram the $nner face of the

wall, and the sme wave at the times/asi when the reflection process Is completed. The

resulting wa$e propagating through the wall consi~ts of a conmression phase of length$,

followed by an equally long tensils phase, the ~lltudes of both phases being equal to

~/2?, Clenrly this wave produces t~nsile and Cunpressive stresses ●qual to~/2 at the

inner and outer faces of the wall and, therefore, its amplitude should be limited to m

allowable stress level to avoid spallation.

. Denoting the allowable stress by~mas in Sec. 3.1, and using Eq. (10) in Eq. (?8) to

obtain the expression for&o, we arrive at the following relation between the radius of

the inner shell, RI, and the pellet yield Y:

(21)

This estimate, howover, may be excessively conservative because it does not take into

account the fact that some of the initial thermal energy may be used to melt and vaporize

the surface material and that elastic waves may be damped significantly by the material

internal friction. Even though the thermoplastic coupling constant and therefore the

logarithmic de:rement are small, the cumulative effect may not be negligible when the ra’

a Fs i/2&is very large~lO] which is the case for reactor vessel walls. Also, the

analysis is not very uSeful unless the value of $is known. Evidently this problem requ’

additional study.

3.5 Fatigue

Cyclic operation of ICF reactors implies that fatigue strength should be used a{

the allowab-f.working stress (with appropriate Safe*y factors). Fatigue strength is

io

res

determined by threshold values of stress concentrations at microscopic fatigue cracks and

equals that value of the stress at whit+ the rate of growth of the size of fatigue cracks

vanishes for all practical purposes.

If thermally---ne~att~ elastic stress waves (Eq. 21) ~re determined to be the governing

phenomena in the design of ICF reactor vessels, then the usual fatigue strengths of

materials may be increased because of extreme shortness of wavelengths of these waves. In a

recent paper, tieer~an~12J pointed out that current theories of fatigue failure may not be

valid when the stress wavelength is smaller than the fatigue crack size and proposed an

appropriate formulation. Results of his modified formulation indicate that increased levels

of fluctuating stresses may be tolerated when stress wavelengths are very small. This is

another area that requires additional investigations.

4. Concluding Ramarks

FICF rsactor studies are i? conceptual design stages when, rather than performing

●ccurate design calculations, it is preferable to ensure that potential mechanisms of

fsllure end degradation have been adequately investigated to determine bounds on relevant

design parameters. For this rea~on, we have been directfng our effo~ts towards results that

provide indications of sensitivities of specific d8sign$ to different parameters. The work

sunnarized In this I,aperhas been successful in that respect; results exemplified by Eq.

(21) end illustr~,ed in Fig. 4 provide the explicit dependence of the reactor vessel radius
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on ●ach p&r’8aeterand thus indtcate potential payoffs that cbn be expected from

Optiwdzatlons of dtfferent parmeters,

The results are also helpful in determining the critical loading mechanisms in different

parroter rmges and in identifying top)cs which require additional invcitigntions to better

aodel lCF reactor performance. Sme of these topics are: determination of allowable stress

‘g s) and shallc~ (submicron) the~al Pu15eS, anvalues for loadings with very short (10

appropriate fatigue failure model fw materials stressed with elastic waves of submicron

wavelength, determination of critical buckling pr~ssures for transient loads of less than a

millisecond duration, and analytical mOdelS frr vessels with ribs, flanges, and openings.

Not mentioned in th$s paper, but of critical importance also, is study of the effects of

pulsed neutron danage on material properties in appromiate range of neutron energy

(~4-14eV) and fluence.
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